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S1 Thermogravimetric analysis of Ce(tmhd),
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Figure S1. Thermogravimetric analysis of the Ce(tmhd)4 precursor.



S2 Additional characterisation of CeO,@GNF
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Figure S2. () Low and (b, ¢, d) high magnification HRTEM images of CeO,@GNF-3. The low contrast, non-tubular
nanostructures in (a) are damaged GNF, a consequence of the initial ball milling. The majority (> 80 %) of CeO;
nanoparticles reside at the graphitic step-edges inside GNF (b, ¢), with only a small number of clustered nanoparticles
observed on the GNF outer surface of GNF (d).
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Figure S3. XPS analysis of CeO,@GNF before (a, b) and after the cyclohexene oxidation reaction (c, d).

Table S1. XPS fitting of the Ce 3d signal. Integrated peak areas expressed as percentage of the total fit are included

in parentheses.

V/eV V'/ eV V" eV V"' eV u/ev u/evV u"/eV.  u"/eV

Ce 3d 881.9 884.2 888.4 897.8 900.5 902.8 907.0 916.4
(18.0%) (12.8%)  (11.2%)  (18.3%) (11.9%) (8.4%) (7.4%) (12.0%)

cad 882.6 885.4 889.5 898.5 901.2 904.0 908.1 917.12
(after reaction) (17.0%) (13.1%)  (121)  (18.0%) (112%) (8.8%) (8.0%) (11.8%)




Table S2. XPS fitting of the O 1s signal. Integrated peak areas expressed as percentage of the total fit are included in
parentheses.

Oxygen vacancies/hydroxyl

. .
lattice oxygen (0O%) / eV groups / eV water / eV
01s 529.0 530.3 532.7
(52.05) (23.70) (24.25)
O 1s 529.8 532.2 533.6
(after reaction) (22.0%) (59.3%) (18.6%)

The Ce 3d core peaks were deconvoluted into eight components associated with Ce** (78.8 at%) and Ce**
(21.2 at%).5*531 The O 1s was fit with three components: a main peak at 529.3 eV attributed to lattice
oxygen, i.e. oxygen bound to Ce®** and Ce*"; a second peak at 531.1 eV associated with the presence of
hydroxide and oxygen vacancies in the structure and a third peak located at higher binding energy (533.15
eV) ascribed to adsorbed water molecules and organic compounds. 5354
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Figure S4. Thermogravimetric analysis of fresh CeO.@GNF and after five uses in the oxidation of cyclohexene.



S3 Oxidation of cyclohexene
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Figure S5. The conversion of cyclohexene using CeO,@GNF.

Table S3. The effects of CeO- loading, particle size and nature of carbon support on the conversion of cyclohexene
and distribution of the afforded products.

Species @ CeO: loading Particle size (nm) ¢ Conversion (%) ¢ Selectivity (%)
(mol %) (1):(2):(3):(4)(5) ¢
None - - 18 50:0:0:50:0
GNF - - 44 60:22:18:0:0
graphite - - 14 98:2:0:0:0

activated carbon - - 45 78:15:7:0:0
CeO2@GNF-1 0.11 4.6%0.2 87 75:25:0:0:0
CeO2@GNF-2 0.13 6.2+0.6 94 66:34:0:0:0
CeO2@GNF-3 0.17 8.5+0.3 91 63:37:0:0:0

2 Reaction conditions: cyclohexene (2.9 mmol), TBHP oxidant (5.8 mmol), CeO.@GNF (0.004 mmol), 1,4-dichlorobenzene
internal standard (1.44 mmol), acetonitrile (2.5 mL), 9 hours, 80 °C . ® Determined by TGA. ¢ Determined by TEM. ¢ Determined
by 'H NMR spectroscopy.

Whilst comparison of CeO,@GNF with different mass loadings of CeO. did not reveal significant
differences in terms of cyclohexene conversion, a slightly higher conversion was observed for CeO,@GNF-
2, where the average nanoparticle size is ~6 nm (cf. ~4 and 9 nm for CeO,@GNF-1 and CeO,@GNF-3,
respectively). The lower cyclohexene conversion obtained with CeO,@GNF-1 with CeO; particle size ~4
nm could be attributed to the higher nanoparticle surface energy leading to strong binding of reaction
intermediates which subsequently hinders their dissociation to form products, i.e. a poisoning effect.[S>S
With the highest mass loading of CeO,, comparatively fewer CeO. particles are confined inside GNF,



leading to lower conversion with CeO,@GNF-3. A similar non-linear (‘volcano’-like) variation in the
activity with particle size was reported for Au nanoparticles catalysing the decomposition of H,0,.5

Table S4. Comparison of this work with previous literature reports on the oxidation of cyclohexene through allylic
and olefinic oxidation, yielding 2-cyclohexenyl hydroperoxide (1), 2-cyclohexenone (2), 2-cyclohexenol (3),
cyclohexane epoxide (4) and 1,2-cyclohexanediol (5).
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Species CeO2 Conversion (%) Selectivity (%0) Ref.
loading
(mol%o)
@) 0] ©) “4) ©)
CeO2@GNF 2 0.13 94 66 34 0 0 0  Thiswork
V0O,/Ce02 ® 2.00 45 0 18 5 77 0 53
CeO2 nanorods © 11.60 22 86 <14 <14 0 0 S8
CeO¢ 5.22 76 0 67 33 0 0 S9
Mn/CeO2© 17.40 52 - 52 26 - - S10

2 Reaction conditions: cyclohexene (2.9 mmol), TBHP oxidant (5.8 mmol), CeO2@GNF (0.004 mmol), 1,4-dichlorobenzene (1.44
mmol) (internal standard), acetonitrile (2.5 mL), 9 hours, 80 °C. ® Reaction conditions: cyclohexene (29.0 mmol), TBHP (38.45
mmol), VO2/CeO2 (0.581 mmol), n-heptane (25 mL), 6 hours, 65 °C. ¢ Reaction conditions: cyclohexene (1.5 mmol), TBHP oxidant
(3.0 mmol), CeO2 nanorods (0.174 mmol), acetonitrile (1.5 mL), 24 hours, 55-105 °C, specific selectivity for (2) and (3) not
discussed. ¢ Reaction conditions: cyclohexene (10 mmol), H202 (213.1 mmol), CeO: (0.522 mmol), 24 hours, 82-85 °C. ¢ Reaction
conditions: cyclohexene (1 mmol), Oz (10 bar), Mn/CeOz2 (0.174 mmol), anisole (Immol) (internal standard), acetonitrile (5 mL),
4 hours, 110 °C, selectivity of all the products not discussed.



S4 Characterisation of CeO,@graphite
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Figure S6. TGA of CeO,@graphite vs graphite (a) and CeO.@AC vs AC (b). The small shift in combustion
temperature after deposition of CeO, on graphite noted in (a) indicates low intimacy of contact between CeO, and
graphite; a larger shift in the combustion temperature subsequent to formation of CeO; on AC in (b) confirms the
catalytic effect of CeO; on the oxidation of AC in air, similar to that seen for CeO,@GNF. TEM images of
CeO,@graphite (c,d) and CeO.@AC (e,f,g) show the homogeneous loading of CeO, on both carbon supports: on
graphite as pseudo-cubic nanoparticles, whereas on AC pseudospherical nanoparticles are noted.
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